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I. SUMMARY 
 
Response to mechanical stress is important for tissue homeostasis, tissue architecture and muscle 
regeneration. All cells of an organism are subject to at least one of three types of mechanical stress: 
compression, shear stress or tension. The exact mechanisms how a cell senses mechanical stress and 
how it converts mechanical into chemical signals are still unknown and the elucidation of this process 
is the aim of my thesis.  
Defective mechanotransduction can be observed in a diverse group of diseases called laminopathies, 
such as Emery-Dreifuss muscular dystrophy or dilated cardiomyopathy [1-5]. LaminA and emerin, the 
proteins affected in these diseases, are part of a physical link that spans from the nuclear lamina to 
the extracellular matrix and might play a role in a cell’s sensation of and response to mechanical 
stress. Cells lacking either protein display reduced nuclear structural integrity, changes in 
transcriptional regulation, and defective nuclear mechanics and mechanotransduction. 
In the present study the first microarray-analysis of stretched primary mouse embryo fibroblasts 
revealed that cells react to biaxial strain by upregulation of a very distinct group of around 30 genes 
within 1 hour of stretching. No transcripts were downregulated, whereas after 6 hours of strain a 
large group of genes was affected by mechanical stress and showed up as well as downregulation. 
Among them was tenascin-C as well as some other proteins involved with extracellular matrix 
function. This was confirmed by QPCR and Affymetrix chip analysis in 2 immortalized mouse embryo 
fibroblast cell lines.  
We observed that biaxial strain leads to the activation of Erk, Rho/ROCK, and NfB pathways. 
However, though all three pathways were activated upon stretching, inhibition of Erk or ROCK did 
not decrease the early response to biaxial strain since transcripts induced after 1 hour of stretching 
were still upregulated in the presence of these inhibitors. Only inhibition of the NfB pathway 
blocked the stretch response of selected genes after one hour of cyclic stretching. Our results suggest 
that activation of NfB seem to depend on Ca2+-influx that is mediated by stretch-gated ion-channels 
in the cell membrane.  
One of the genes responding to stretching is Egr3. It is an immediate early growth response gene 
which is induced by mitogenic stimulation and may play a role in muscle development. Its ability to 
activate tenascin-C, which possesses an Egr binding site in its promoter region, was examined by 
promotor-SEAP-reporter assays and by western blot. 
The role of the LINC complex in mechanotransduction was analyzed by expressing dominant-negative 
forms of sun1 and nesprin in fibroblasts as well as in myogenic progenitors. Live imaging of mouse 
embryo fibroblasts revealed that nuclei are rotating in response to stretching. Although some nuclei 
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were slowly rotating with time when monitored at rest, stretching induced nuclear spinning. Upon 
disruption of this direct link by overexpression of truncated dominant-negative forms of sun1 or 
nesprin-1, nuclei remained in their position even in stretched cells. Contrary to our expectations 
disruption of the LINC complex did not inhibit the stress response as determined by transcript 
profiling of stretched cells. 
To address the question whether a functional LINC complex plays a role in muscle development, we 
examined the differentiation of C2C12 myogenic progenitor cells in the presence and absence of 
dominant-negative sun and nesprin. C2C12 cells differentiate in the presence of 5% horse serum in 
the medium but not when stretched for 1 hour every 24 hours [6-8]. When the direct link is disrupted 
cells continue to differentiate even when stretched. This indicates that sun and nesprin are necessary 
for the sensation of mechanical signals in differentiating C2C12 cells.   
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II. INTRODUCTION 
 
II. 1 MECHANOTRANSDUCTION 
  
II.1.1 What is mechanotransduction? 
All cells of an organism are subject to at least one of three types of mechanical stress: compression, 
shear stress or tension. In response to it cells adjust their shape, function and behavior in apoptosis, 
migration, differentiation and proliferation [9, 10]. But the exact mechanisms how a cell senses and 
reacts to mechanical signals are widely unknown.  
The conversion of mechanical cues into chemical signals is known as mechanotransduction. Cells are 
in close contact to their environment via various cell adhesion molecules, tight junctions and cell 
surface receptors (figure 1A c, and h respectively). These molecules and complexes transmit changes 
in mechanical properties of the environment to the cell interior. There these signals are translated 
into chemical signals by activation of signaling cascades or release of intracellular Ca2+ by stretch-
activated ion channels in the plasma membrane (figure 1A a). Several mutations in mechanosensing 
structures and proteins or in molecules involved in downstream signaling pathways such as Erk or 
Rho/ROCK have been described [11]. 
 
 
 
 
Figure 1 | Cells are subject to various types of mechanical stress from their environment. Several 
biological components have been proposed to act as cellular mechanosensors and are schematically 
depicted in figure 1A [12]. Most of these features can be found in many cell types whereas some might 
only be relevant in a subset of cells. Figure 1B shows an overview of the 3 subtypes of mechanical stress 
[13]. 
 
A B 
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Mechanical crosstalk between integrins and the actin-cytoskeleton is a key feature of environmental 
sensing. However, other molecules inside and outside a cell were shown to contribute to 
mechanosensation as well. In endothelial cells, for example, the glycocalix (figure 1A b) can mediate 
mechanotransduction signaling in response to fluid shear stress. Some proteins of the extracellular 
matrix (figure 1A f) can unfold when being stretched and thus initiate mechanotransduction signaling 
outside the cell. And even the nucleus (figure 1A g) itself has been proposed to act as a 
mechanosensor as deformations can influence chromatin conformation. 
 
 
 
II.1.2 Where does mechanotransduction play a role?   
Often mechanotransduction research focuses on sensory cells like hair cells of the inner ear. These 
cells are tailored to transduce mechanical signals into biochemical signals by opening ion channels 
and thus represent a good model for experimental studies. However, it has been shown that 
mechanotransduction is involved in a broad range of cellular functions, not just in a subset of 
specialized cells and tissues. Response to mechanical stress is needed for cells to adapt to their 
physical surroundings and is important for tissue homeostasis, tissue architecture and muscle 
regeneration. Therefore all cells and organisms, no matter how primitive, have the ability to sense 
mechanical stress [14].  
Among others, mechanoresponse is crucial for organ development and the maintenance of many 
mechanically stressed tissues such as bones, muscles, cartilage, and blood vessels [15-17]. Exposure 
to zero gravity or long bed rest leads to loss of bone mass and muscle atrophy [18, 19]. A 
reorientation of "stress fibers" in bones can be observed after fractures [16, 17]. Adaptation to 
mechanical forces in bones works via the lacunae-canalicular network. This network consists of small 
cavities within the compact bone comprised of concentric layers of bone matrix. The cavities, known 
as lacunae, are interspersed at regular intervals, harbor osteocytes and are connected through 
canaliculi. Gravity and compression generated by muscle contractions during locomotion leads to 
deformations of the bone, resulting in pressure gradients that drive interstitial fluid through the 
lacunae-canalicular network. This stimulates localized bone remodeling and optimizes physical 
performance of the bone through mechanotransduction signaling [16]  
Cells of the cardiovasculature constantly experience 2 types of mechanical forces. The endothelial 
cells inside the blood vessels are subject to shear stress that results from the friction of blood against 
the vessels. The other type, cyclic tensile stress, results from the pulsatile blood pressure and is the 
major determinant of vessel stretch that affects both endothelial and smooth muscle cells. Shear 
stress induced by blood flow permits artery maturation by directing endothelial cells and their 
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filamentous cytoskeletal networks to elongate and align with the direction of flow [20, 21]. Pressure 
and shear stress from the flowing blood in the cardiovasculature influence the morphology and the 
physiology of the heart [22-25]. Changes in the flow patterns in the developing zebrafish heart have 
shown to lead to an abnormal third chamber, reduced looping and defective valves - symptoms 
common to some congenital heart diseases [26].   
Mechanotransduction does not just influence the development of the heart but embryonic 
development in general. It has been shown that not just gradients of morphogenic factors, but also 
interactions such as tension and adhesion, might be important in embryonic development (for a 
review see [27]). Stem cell fate during differentiation depends on geometry and stiffness of the 
substrate on which cells are grown [28, 29]. Mesenchymal stem cells undergo lineage selection in 
response to elasticity of the matrix substrate. Soft matrices (similar to brain) direct stem cells into 
neurogenic lineage. Stiffer matrices found in muscle and newly deposited bone direct them into 
myogenic or osteogenic lineages [28]. 
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II. 2 COMPONENTS OF MECHANOSENSATION 
 
II.2.1 Signaling pathways 
Several reports indicate that stretch initiates complex signal transduction cascades leading to gene 
transcription and functional responses, via interaction of integrins with extracellular matrix proteins, 
or by stimulation of G protein coupled receptors, tyrosine kinase receptors or ion channels. 
Intracellular pathways reported to be activated include mitogen-activated kinase pathway (MAPK), 
nuclear factor kappa B (NfB) signaling and the rho/ROCK pathway [30-32]. Often not just a single 
pathway is activated but several ones that are overlapping and crosstalking. 
The assembly of focal adhesions perpetuates downstream signaling through kinases and initiates 
cytoskeletal remodeling through the nucleation of an assortment of adhesion proteins and signaling 
molecules, including Ras, Rac and Rho [33, 34]. Ras couples force-dependent integrin signaling to 
mitogen activated protein kinases (MAPK) including Erk which has been illustrated in lung epithelial 
cells in response to mechanical strain [35]. An increase in Erk phosphorylation has also been reported 
in endothelial cells in response to cyclic strain [36]. Stress-activated Erk cooperates with Src and focal 
adhesion kinase (FAK) to induce cell proliferation or sustain cell survival in keratinocytes and 
osteocytes [37-41]. Src family kinases have also shown to be phosphorylated by stretch-induced 
conformational changes in the adaptor protein p130Cas (also known as BCAR1). These changes 
expose a hidden phosphorylation site that thus becomes a target of Src family kinases [42]. 
This site is also recognized by other proteins that in turn activate small GTPases like Rho [43]. Rho 
and its target kinase ROCK have been shown to be activated by mechanical strain through changes in 
actin dynamics [44, 45]. Local external changes in the rigidity of the extracellular matrix are sensed as 
increased or decreased tension and communicated intracellularly. The communication network that 
signals the state of the extracellular physical environment acts through the actin cytoskeleton to 
modulate Rho GTPase activity [46, 47]. 
 A third way described to be activated by mechanical stress is the classical nuclear factor-kappa B 
(NfB) pathway. Kumar et al. [48] showed that in skeletal muscles from normal and mdx mice, a 
model for Duchenne muscular dystrophy (DMD), NfB activity was increased by the application of 
uniaxial mechanical stretch in a time-dependent manner. The increased activation of NfB was 
associated with a concomitant increase in I-kappa B (IB) kinase activity and the degradation of IBα 
protein. 
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Figure 2 | The three main pathways involved in mechanotransduction. 1 One pathway previously 
described in connection with mechanotransduction, is the Erk pathway via Ras and Raf that leads to the 
translocation of phosphorylated Erk to the nucleus and successive binding of TCF and SRF to the SRE. 2 
A second pathway described to be activated by shear stress is the NfB pathway. 3 Mechanical stress is 
sensed by integrins and transduced to the nucleus via Rho/ROCK and MAL. Upon activation, MAL 
dissociates from G-actin and translocates to the nucleus where it can together with SRF bind to the 
serum response element (SRE) of genes.  
 
 
 
II.2.2 Calcium signaling 
The cell membrane presents a major target of the external forces that act upon a cell. 
Mechanosensitive ion channels in the membrane can contribute to mechanotransduction. The idea 
of mechanically gated ion channels arose originally from studies of mechanosensory cells. They play a 
role in mammalian hearing and balance which are results from electrochemical response to sound 
waves, pressure and gravity. Mechanical forces cause small displacements in the stereocilia of hair 
cells in the inner ear. This causes tension in the tip links which connect tips of neighboring stereocilia 
and pulls open stretch-sensitive ion channels. This process leads to a rapid influx of calcium and other 
ions and subsequent activation of biochemical signaling pathways [49, 50].  
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Mechanosensitive channels have also been discovered in embryonic chick skeletal muscles [51] and 
frog muscle [52]. Since then they have also been found in many other cell types [53-55]. Significantly, 
cells that transduce mechanical stimuli into electrical signals are the most common sensory receptors 
in vertebrates.   
 
 
 
II.2.3 The LINC complex 
A cell is not just a visco-elastic cytoplasm surrounded by an elastic cell membrane. It also harbors a 
network consisting of cytoskeletal structures that are stable enough to resist mechanical stress and 
at the same time undergo constant dynamic remodeling. According to Ingber's tensegrity (tension – 
integrity) or prestressed inhomogeneous solid model (figure 3) actin stress fibres that polymerize at 
the focal adhesions can act as visco-elastic cables [56-60]. These respond to the extracellular 
mechanical environment with myosin-induced cell contractility and anchor the cell to and pull on 
ECM fibrils, creating intracellular tension [61-63]. This leads to a prestressing of the cell, which is 
necessary to enable cells to sense changes in the mechanical properties of the surrounding [32, 57, 
58, 64-66]. Mechanotransduction of externally applied forces is lost if myosin-based contractility is 
inhibited or if the ECM is not rigid enough [30] [67], [68]. Thus cell-generated forces and forces from 
a cell's environment must act together as a mechanosensor to generate a response. A cell can only 
sense shear or strain when it is properly attached to its substratum. This attachment is mediated by 
focal adhesions. A cytoskeletally generated force leads to stress in the focal adhesions because equal 
and opposite reactive force arises in the ECM. If cells are attached to a less rigid matrix, for example, 
when cells attach to ECM-protein coated microbeads, cytoskeletal tension and stress at the 
adhesions do not develop and focal adhesions fail to mature [68]. Conversely externally applied 
forces through the ECM result in stress at focal adhesions only when the actin cytoskeleton provides 
an opposite, reactive force that balances the applied force [65], [69]. This force is generated by the 
actin-cytoskeleton, either by passive deformation or by changes in myosin motor-activity. This also 
explains why inhibition of myosin-generated contractility inhibits stress response.   
The tensegrity model furthermore implies that integrins are linked to the nucleus through the 
cytoskeleton. Thus an applied force is transmitted to the DNA through the cytoskeleton by nuclear 
lamins and nuclear envelope receptor complexes. Such a connection might then directly modulate 
gene expression by inducing conformational changes in chromatin either by altering the nature of 
the protein complexes at the telomeres of chromosomes or by changing the activity of DNA 
remodeling enzymes [59, 60, 70, 71].  
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Proof for the tensegrity model comes from linking magnetic beads directly to integrins at the cell 
surface. Pulling on the beads leads to physical deformation of the cell and immediate force-
dependent changes in internal structures and the cytoskeleton. It induces actin filament 
reorientation and realignment along the newly applied field lines [66, 72-74].  
 
 
Figure 3 | Tensegrity model according to Donald Ingber [58]. A cell is attached to a substratum or 
matrix by focal adhesions. These are connected to a network consisting of cytoskeletal structures that 
are stable enough to resist mechanical stress and at the same time undergo constant dynamic remodeling. 
This way a cell can tense its load-bearing cytoskeletal elements and stiffen them relative to the 
surrounding viscous cytoplasm. This leads to a prestressing of the cell, which is necessary to enable cells 
to sense changes of the surrounding mechanical properties.  
  
 
In addition to the actin fibres that are linked to the integrins via talin other proteins are involved in 
linking the ECM to the nucleus. As described by Melissa Crisp [75] sun and nesprin are among the 
components of such a direct link, the so called LINC complex (see figure 5). The family of nesprins 
comprises three proteins, nesprin-1, 2 and 3. There are many splicing isoforms of nesprin 1 and 2 
which result in proteins of various sizes. The small isoform of nesprin-1 localizes to the inner nuclear 
membrane and binds to laminA and emerin [76, 77]. The longest isoforms are around 800kDa and 
are among the largest proteins in a cell. They possess an N-terminal actin binding domain (ABD) and 
a C-terminal Klarsicht homology (KASH) domain that spans the outer nuclear membrane [78-81].  
Figure 4 gives a more detailed overview over the various isoforms of nesprin-1 and 2. Recently a third 
member of the family, nesprin-3, has been discovered. It is also anchored at the nuclear membrane, 
but instead of actin it binds to plectin and thereby connects the intermediate filaments to the 
nucleus [82].  
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Figure 4 | Isoforms of nesprin 1 and human nesprin 2 (derived from [79] and [83] respectively). Both 
nesprins have long isoforms that possess an N-terminal actin binding domain (ABD) and a C-terminal 
KASH domain. Thus they can anchor the nucleus to the actin cytoskeleton.  
 
 
At the perinuclear space nesprins can, via their KASH domain, interact with sun. Sun is a homodimer 
with its luminal C-terminal domain inside the perinuclear space. This so called sun domain allows 
binding to KASH-domain proteins like the nesprins. Sun is anchored to the inner nuclear membrane 
with its transmembrane domains and interacts with chromatin either directly or via laminA and 
emerin [84].  
A 
B 
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Lamins are structural components of the nuclear lamina, a protein network underlying the inner 
nuclear membrane. The nuclear lamina determines nuclear shape and size as mutations in A-type 
lamins have shown [85]. Lamins also play an important role in organizing and recruiting other 
proteins such as emerin to the nuclear lamina [86] [87]. There are 2 types of lamins in mammalian 
cells: A-type lamins (lamin A+C) that are encoded by a single gene, lmna, and B-type lamins (lamin B1 
and B2/B3), that are encoded by separate genes. A-type lamins are developmentally regulated and 
only expressed in differentiated cells whereas B-type lamins are constitutively expressed in all cells 
[85, 88-93]. Mutations in the A-type lamins result in changes in the supramolecular structure of 
lamins [94]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 | Model for transducing mechanical signals to the nucleus via the LINC complex. This 
suggests that nesprin binds to the actin cytoskeleton on one side and the nuclear membrane on the other. 
There it either interacts directly with sun1 or with a protein mediating this interaction. Sun1 interacts 
with laminA which can then influence gene transcription. 
 
 
As mentioned before a connection between components of the LINC complex and changes in 
chromatin structure in response to mechanical cues could dynamically alter gene expression in 
response to exogenous force. Ingber [14] and Kim [95] showed interactions between force, Rho 
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signaling, cell shape and histone acetylation. Adhesion induces changes in human mammary 
epithelial cell shape. This is associated with altered actin organization, RhoGTPase activity, 
actomyosin contractility and modified global patterns of chromatin histone acetylation [96]. 
Taken all these facts into account, such a direct link could facilitate much faster force propagation 
from the environment to the cell nucleus than biochemical signaling cascades do. 
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II. 3 DISEASES 
 
II.3.1 Diseases in general 
Defects in mechanotransduction, such as mutation or misregulation of proteins that disturb cellular 
or extracellular mechanics, are implicated in the development of various diseases. Among those 
diseases are muscular dystrophies, cardiomyopathy, cancer progression and metastasis, and loss of 
hearing. A common denominator of many mechanobiology diseases is a disruption in the force 
transmission between the ECM, the cytoskeleton and the interior of the nucleus. Almost all cells rely 
on mechanotransduction signaling for normal function. Therefore defective mechanotransduction 
can result in or at least contribute to the pathogenesis of various human diseases.  
 
 
 
II.3.2 Cancer 
Even cells of mechanically static tissues, such as brain or breast, are exposed to isometric force or 
tension generated locally at the nanoscale level by cell-cell or cell-ECM interactions. The force 
generated depends on the stiffness of the substratum. This stiffness varies a lot among the different 
tissues (see figure 6) and is very specific for a certain organ. It has been shown that these specific 
properties are an important factor for the differentiation of stem cells into tissue-specific cell types 
(for a review see: [27]). These properties also influence cell function through actomyosin contractility 
and actin dynamics and modulate together with biochemical cues cell and tissue behavior and tissue 
homeostasis. Loss of tissue homeostasis and changes in tissue properties are a hallmark of disease. 
Multiple pathologies including cancer are characterized by compromised tensional homeostasis [11]. 
Thus tumors are often detected as a palpable stiffening of the tissue, and approaches such as 
magnetic resonance imaging (MRI) and sono-elastography have been developed to exploit this 
observation to enhance cancer detection.  
Matrix stiffening occurs by an increase in protein concentration, increase in matrix crosslinking, 
parallel orientation of matrix fibrils (bundeling), and MMP-cleavage or glycosylation [11]. Fibroblasts 
respond to mechanical stress by secreting various ECM proteins like tenascin and collagen. As a result 
of this, the matrix surrounding a tumor changes its mechanical properties. This in turn alters cell 
growth or cell migration [30, 97-99]. Normal mammary epithelial cells generate greater force and 
occupy more surface area on a stiff matrix (5.000Pa) than similar cells interacting with soft matrix of 
140Pa [11]. 
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Figure 6 | Substrate stiffness is a characteristic that varies a lot among different tissues. Cells adapt 
their behavior, function and shape according to it [13]. 
 
 
Sudden changes in ECM mechanics, ECM remodeling and resultant disturbance in cytoskeletal 
tension and mechanotransduction signaling are important factors that can contribute to malignant 
transformation, tumorigenesis and tumor formation in addition to genetic mutations [11, 100-104]. 
As a consequence the cytoskeleton reorganizes. Higher ECM stiffness can result in the disruption of 
normal epithelial cell polarity, as well as alterations in the tensional forces, morphological changes of 
tumor cells and the development of an invasive phenotype. Thus cancer cells lose their dependency 
on anchorage and cell-surface tension as they become able to invade other tissues [105]. 
One of the main regulators of cytoskeletal tension is the Rho family of GTPases. Matrix stiffness and 
cytoskeletal tension functionally cooperate in a mechano-circuit that modulates phenotypic 
transformations in tumors by coupling the mechanosensing role of integrins in relaying external 
physical cues to Rho and Erk signaling pathways [106, 107]. This results in elevated Rho/ROCK-
dependent cytoskeletal tension and amplifies the formation and stabilization of focal adhesion 
assembly. It further increases cell-generated force and focal adhesion assembly accompanied by FAK 
signaling, ROCK mediated disruption of adherens junctions and enhanced growth-factor-dependent 
Erk activation. All of this drives tumor cell proliferation and disruption of polarity and abrogates 
lumen formation and remodeling of mammary tissue architecture. Disruption of Rho or Erk signaling 
was shown to reduce cytoskeletal tension to normal levels and thereby repress the malignant 
phenotype [101, 107, 108]. 
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II.3.3 Defects in cardiac and skeletal muscle 
The heart can adapt to prolonged changes in the mechanical workload with an increase in cardiac 
myocyte size and modification of the surrounding ECM (cardiac remodeling). Defects in regulating 
the adaptation process lead to pathological and physiological hypertrophy [19]. More than 400 
mutations have been identified in patients with cardiomyopathy, affecting 9 separate sarcomeric 
genes including actin, -tropomyosin, troponin, titin, and -myosin heavy chain [109]. Cardiac 
myocytes can respond directly to mechanical deformation or stretch through several internal 
mechanosensors like integrins, integrin linked kinase (ILK), sarcomeric proteins and cell surface 
receptors. Mechanosensors might include stretch-sensitive ion-channels at the cell membrane. 
Subsequently multiple overlapping signaling cascades, like Rho/ROCK, MAPK, phospholipase C, 
calcium/calcineurin and even microRNAs are activated when muscle cells are stretched [19]. 
Activation of these pathways triggers hypertrophic gene expression and causes an increase in 
myocyte length. 
Disruption of the cytoskeletal-ECM coupling renders cells more susceptible to membrane damage 
and causes aberrant activation of MAPK (Erk) signaling in response to stretch [110]. In the skeletal 
muscle forces that are generated in the sarcomeres are transmitted to the ECM through a specialized 
protein complex that consists of dystrophin and dystrophin-associated proteins in the membrane. 
Mutations in important sarcomere components, like the cytoskeletal proteins desmin, titin and 
myosin have been reported to result in disorganized sarcomeres and disturbed cellular mechanics. As 
a result of these mutations cells show impaired force generation and altered (passive) cytoskeletal 
stiffness accompanied by impaired relaxation dynamics of myocytes [111]. 
Muscular dystrophies are a group of genetic muscle diseases that is characterized by progressive 
skeletal muscle weakness and death of muscle cells and tissues [112]. The most common type is 
Duchenne muscular dystrophy (DMD) where mutations in the dystrophin gene disrupt the force 
transmission between the cytoskeleton and the ECM. While Duchenne patients do not express 
dystrophin, patients suffering from Becker muscular dystrophy express a truncated dystrophin and 
thus display a milder phenotype [113]. Dystrophin is part of the dystrophin-glycoprotein complex 
that is responsible for joining the cytoskeleton of myofibers to the ECM [114]. Loss of dystrophin 
destabilizes this structural complex and hence the integrity of the muscle [115]. Stress-induced 
rupture of the plasma membrane in dystrophin-deficient muscle fibers leads to an influx of 
extracellular calcium. This results in abnormal muscle contraction, a physical damage of the 
cytoskeleton and a consecutive loss of muscle cells [116-118].  
Mutations in laminin- integrin 7 (a laminin-receptor), collagen VI, or -dystroglycan are the cause 
for another group of neuromuscular disorders, the congenital muscular dystrophies. As reviewed by 
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Jimenez-Mallebrera [119] many proteins affected in this clinically and genetically heterogeneous 
group of diseases are involved in the interaction between the muscle cell and the ECM.  
Muscular dystrophies can also arise from mutations in the nuclear envelope proteins emerin and 
laminA/C [3, 5]. This type of muscular dystrophy is called Emery-Dreyfuss muscular dystrophy 
(EMDM) and has recently also been described for patients carrying mutations in nesprin 1 [4, 120-
124]. Cells from laminA/C knock-out mice display decreased nuclear stiffness, increased nuclear 
fragility and impaired activation of mechanosensitive genes [2, 3]. Cells derived from emerin 
deficient mice have normal nuclear mechanics but increased apoptosis in response to stretching. 
Attenuated expression of Iex1 (also known as Ier3), an anti-apoptotic gene, might contribute to 
increased sensitivity.  
It is not clear whether defects in mechanotransduction signaling arise as a direct consequence of 
altered nuclear stiffness or whether they mainly reflect broader defects in specific signaling pathways 
(for example, in NfB) that are modulated by nuclear Lamins. 
 
 
II.3.4 Laminopathies  
The previously decribed Emery-Dreifuss muscular dystrophy belongs to a group of very diverse 
diseases called laminopathies. It includes muscular dystrophies, progeria (premature ageing), and 
cardiomyopathies as well as lipodystrophy and neuropathy. Their common characteristics are 
mutations in the nuclear lamins. Cells deficient in A-type lamins have decreased viability, reduced 
expression of mechanosensitive genes and altered nuclear mechanics in response to mechanical 
stress. They also display an attenuated NfB response upon mechanical stimulation [5]. A lack of B1-
type lamins does not show these effects [2]. However, also mutations in nesprin have now been 
found in patients suffering from Emery-Dreifuss muscular dystrophy, a disease previously only 
described in the context of mutations in emerin and laminA. Unc84 and ANC1 (C.elegans homologs of 
sun1 and nesprin respectively) mutants in C.elegans have defects in nuclear positioning and nuclear 
anchorage [80, 125], [126]. 
Among the diseases described in the context of mutations in the lmna gene is Hutchinson-Gilford 
progeria syndrome (HGPS), a progeroid disorder. Patients appear normal at birth but fail to grow 
shortly thereafter and die at their early teens due to arteriosclerosis, an extensive loss of vascular 
smooth muscle cells and an unusual susceptibility to haemodynamic stress [127, 128]. 
Mechanotransduction in vascular cells in response to fluid shear stress and strain from vessel 
expansion is a crucial protective mechanism against arteriosclerosis. This mechanism can mediate 
apoptosis, proliferation and ECM secretion in healthy vascular smooth muscle cells. Fibroblasts from 
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mice and patients with HGPS show decreased viability when subject to stretching and lack a strain-
induced proliferation response [129]. 
Other laminopathies affect the fat tissue or neurons. In Dunnigan's familial partial lipodystrophy the 
white fat is lost or redistributed. Patients suffering from Charcot-Marie-Tooth neuropathy show 
reduced axon density, demyelinated axons and later on a wasting of their peripheral muscles.  
How mutations in a single gene can give rise to such a variety of phenotypes is unclear. Mutant A-
type lamins affect the structural integrity of the nucleus, either through the altered structural 
properties of laminA, as reviewed by Yosef Gruenbaum [94], or through missing interactions with the 
nuclear envelope and associated proteins [130]. These changes lead to an increased nuclear fragility 
and a greater susceptibility to physiological stress and might contribute to the pathologies affecting 
tissues that are subject to mechanical stress, such as muscles [3-5, 19].  
The effects seen on nuclear structure might also have direct consequences on gene expression. 
Disruption of the nuclear lamina affects chromatin organization and transcriptional regulation of 
gene expression in specific ways. Proteins associated with the nuclear envelope (NE) interact either 
directly or indirectly with chromatin and thus influence chromatin organization, transcription and 
binding to DNA. Silencing often correlates with a relocation of the silenced gene to the nuclear 
periphery [72, 131-133]. 
Redistribution of emerin has been seen in mice as a consequence of the loss of functional laminA. 
However these changes have not been seen in laminA mutations causing Dunnigan's familial partial 
lipodystrophy (FPLD). The majority of the mutations leading to FPLD are found at the surface of the 
C-terminal globular domain whereas the muscle phenotype mutations are inside this domain. 
Mutations inside the globular domain are more likely to affect the structure of laminA thus leading to 
an instable nucleus. Mutations on the outside may rather affect the interaction of laminA with other 
proteins such as the sterol response element binding protein 1 (SREBP1) which is a transcription 
factor involved in adipogenesis [130, 134-137]. 
There is no evidence for just one of the two hypotheses suggesting that both structural weakness 
and altered chromatin accessability contribute to the diversity among the laminopathy phenotypes.   
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Figure 7 | Known mutations in laminA/C causing laminopathies. To date there are about 20 mutations 
kown in lamin A/C leading to the various diseases comprised in the group of laminopathies [138]. 
 
 
 
II.3.5 Mechanotransduction in the eye 
The eye is also affected by disturbed mechanotransduction. Increased mechanical stress could 
contribute to the pathogenesis of glaucoma and axial myopia [139] where stress arises from 
intraocular pressure. Human sclera fibroblasts, primary cells implicated in sclera remodeling that 
accompanies elongation during the development of myopia, express many genes that are modulated 
by mechanical strain application. Among these genes are some encoding for ECM proteins, for 
example, tenascin-C. Others are protein kinases, cell growth and differentiation factors (FGF and 
bone morphogenic proteins) and transcription factors (JunB) [140]. 
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II.4 TENASCINC AND MECHANICAL STRESS 
 
II.4.1 Tenascins 
The tenascins are a highly conserved family of  large oligomeric glycoproteins [141] that comprises 4 
tenascins in vertebrates, tenascin-C, tenascin-R, tenascin-W, and tenascin–X (avian tenascin–Y) 
whereas there are none in C.elegans [141]. They are present in many connective tissues throughout 
the body [142]. However, each tenascin has a unique expression pattern. Tenascin-W is expressed in 
the developing skeleton and periostium in the adult, as well as in the kidney, certain muscles [143] 
and in breast tumors [98]. Tenascin-R is exclusively expressed in the central nervous system, 
tenascin-X in muscles. It is secreted by fibroblasts present in the epi-, peri-, and endomysium. 
Tenascin-C is highly expressed during embryogenesis and is absent or largely reduced in developed 
organs. In the adult it can only be found in infections, inflammation, wound healing and 
tumorigenesis [144, 145]. In addition it is expressed in tissues that are subject to mechanical strain.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 | Schematic representation of the tenascin family proteins. All tenascins share an amino-
terminal oligomerization domain followed by consecutively arranged heptad repeats, EGF-like domains, 
fibronectin type III repeats and a fibrinogen globe [141]. 
 
 
Tenascin-C and tenascin-R knockout mice show abnormalities in the nervous system including 
decreased axonal conduction velocities and motor coordination deficits as well as impaired 
hippocampal synaptic plasticity. However their full function is not very well understood. 
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The four tenascins all possess the same structural motifs that are aligned in the same order in each 
family member (figure 8 A). At the N-terminus they all possess heptad repeats followed by epidermal 
growth factor (EGF)-like repeats, and fibronectin type III (FN III) domains. The C-terminus is a globular 
domain shared with fibrinogens. The number of these subdomains however differs among the 4 
family members. In addition tenascin-C and tenascin–R are subject to alternative splicing that leads 
to the insertion of variable amounts of fibronectin type III repeats and gives rise to a multitude of 
isoforms. The long extended molecules oligomerize (see figure 8 B) with their N-terminal domains 
and form trimers (tenascin-R) or hexamers (tenascin-C) [142, 146].  
Tenascins interact with specific cell surface receptors (21 integrin, v3, 91, syndecan, 
annexinII) and other ECM proteins like FN or perlecan [141, 142]. 
 
 
II.4.2 Tenascin-C induction by mechanical stress 
Tenascin-C was the first family member to be discovered as an extracellular matrix protein that was 
enriched in the stroma of gliomas and as myotendinous antigen [147-149]. Due to alternative splicing 
9 additional FNIII repeats can be included in tenascin-C resulting in a great number and diversity of 
isoforms (figure 8 A). While tenascin-C is mainly absent in the adult organism, basic levels can be 
found in tissues that are subject to strain, such as tendons and ligaments, predominantly at the 
myotendinous junctions. 
Cyclic mechanical stress in fibroblasts leads to the induction of various ECM-components, among 
them tenascin-C. In in vivo experiments mechanical stress (10% of the body weight) was applied to 
one wing of young chickens. This led to stretching of the anterior latissimus dorsi (ALD) holding 
muscle. Within a few hours tenascin-C was induced ectopically in the endomysium throughout the 
ALD muscle [150]. TN-C levels stayed elevated after 7 days of loading. This was also seen on the 
mRNA level by Northern blotting where there was an increase in TN-C mRNA already after 4 hours of 
stretching. These results were confirmed by in situ hybridization that also identified the endomysial 
fibroblasts as the source of TN-C. The response was only transient and the protein level decreased 
again 5 days after removal of the load. Induction of tenascin-C by mechanical stress has also been 
shown in vitro [18, 138, 150]. Furthermore TN-C was released into the medium after 6 hours of cyclic 
strain. Induction is not mediated by factors released into the medium as incubation of cells with 
conditioned medium from stretched cells did not induce TN-C expression. Interestingly, prestress of 
the cell is a prerequisite for the activation of TN-C and inhibition of Rho-dependent kinase 
desensitizes fibroblasts to mechanical signals and blocks the induction of TN-C [31].  
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Figure 9 | Model of cellular prestress. Prestressing is crucial for a cell's sensation of mechanical strain 
and consequent up regulation of tenascin C [32].  
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II. 5 AIM OF THE WORK 
 
The aim of this thesis is to investigate the importance of the so-called LINC complex, a direct link 
from the extracellular matrix to the nucleus, in mechanosensation, gene regulation and cell 
differentiation. The focus lies on the early gene regulatory mechanisms that are activated upon 
exposure of fibroblasts and myogenic progenitor cells to biaxial strain. Many components of a cell's 
response to mechanical cues have already been identified, but many are still unknown, especially 
mechanosensors.  
As research in mechanotransduction is still a relatively new field of research there are many open 
questions to address for example how adhesion receptors that lack enzymatic activity trigger 
downstream signaling cascades. How do the various signaling cascades that have previously been 
described to be activated by one or several types of mechanical stimulation interact with each other? 
How are the diverse molecular interactions at the adhesion sites regulated? And how do the physical 
features of the adhesive surface activate specific signaling pathways? Other interesting questions 
address the molecular sensitivity of the adhesive interactions and the spatial, temporal and 
compositional resolutions of adhesion-mediated signaling. 
We have decided to focus on the early stress response within 1h of biaxial cyclic strain and the 
activation of signaling pathways regulating this early stress response. The main emphasis of this 
thesis was to investigate the role of the LINC complex in response to biaxial and uniaxial strain and 
cell differentiation. We investigated the immediate cellular response biochemically and by live 
imaging and followed cytoskeletal changes induced by biaxial and uniaxial strain. 
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III. RESULTS 
III.1 PUBLISHED DATA  
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III.2 UNPUBLISHED DATA 
 
III.2.1 Investigation of the early response to biaxial cyclic strain 
To investigate global cellular responses to biaxial cyclic strain we decided to do transcript profiling by 
a microarray analysis of stretched primary mouse embryo fibroblasts. Cells were plated on 
fibronectin-coated silicon membranes and then cyclically (10% elongation, 0.3Hz) stretched for 1 and 
6 hours. The gene expression profiles of stretched cells were compared to unstretched cells. After 1 
hour of cyclic strain a very distinct group of less than 30 genes was upregulated, none 
downregulated. However, after 6 hours these genes were back to base level and a large group of 
other genes was up- or downregulated (see appendix table 5). The group of early response genes 
includes many transcription factors and immediate early response genes. After 6 hours many 
different genes are affected, among them also extracellular matrix protein encoding transcripts, for 
example, tenascin-C. The data obtained from microarray analysis (figure 10 A) was confirmed for a 
subset of genes by quantitative real-time PCR (figure 10 B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10 | Induction of genes in response to 1 and 6 hours of cyclic biaxial strain. The early stress 
response leads to an upregulation of about 25 genes (A). This response is transient and diminished after 
6 hours. Data from microarray analysis was verified by quantitative realtime PCR (B). 
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Among the genes upregulated after one hour of biaxial cyclic strain is FosB. Together with JunB, Egr1, 
Egr2, Egr3 and cFos, which were also shown by gene expression profiling to be upregulated by 1h of 
biaxial strain, it belongs to the immediate early response genes. FosB exists in 2 isoforms that are a 
result from alternative splicing (Figure 11B). Delta FosB is the N-terminally truncated version of FosB 
that results from alternative splicing within the last exon and which is therefore missing the 
transactivation domain. Only the long FosB form efficiently induces transformation in mouse and rat 
fibroblast cell lines and trans-represses the cFos promoter. Both of these functions are suppressed by 
coexpressed FosB. Upon serum stimulation, maximal expression of the oncogenic FosB precedes 
the expression of the antagonistic FosB [151]. It has been shown, that mechanical stress to bone 
leads to an upregulation of both splice variants. The increased expression was dependent on Ca2+ 
influx und subsequent activation of Erk1/2 [152]. The question we wanted to address here is whether 
the 2 isoforms show differences in the stress response. 
Therefore, we stretched NIH 3T3 cells for 1h either in the presence or the absence of serum. Then we 
isolated RNA and used it for reverse transcription and semi-quantitative PCR. We decided to include 
cFos and JunB in our experiment as well as they have also been shown to respond to 1h of cyclic 
strain (see figure 10). All of these genes include a serum response element (SRE) in their promoter 
region, which is necessary for the activation by Erk signaling.  
The detection of cFos was very weak whereas the other genes show a significant induction after 30 
and 60 minutes of biaxial strain (figure 11A). The induction was also seen in the presence of serum. 
Both FosB splice variants respond to stretching, although the timing is slightly different.  
 
 
 
 
 
 
 
 
 
 
 
Figure 11 | Influence of mechanical stress on JunB, FosB, FosB and cFos. Induction of the genes in 
response to cyclic strain was observed in the presence and absence of serum (A). cFos was barely 
detectable whereas the other transcripts are upregulated after 30 to 60 minutes of mechanical stress. 
FosB results from alternative splicing of FosB within the last exon (B). 
 
UNPUBLISHED DATA RESULTS 
 
Michaela Brosig | Mechanotransduction in Fibroblasts 
PhD thesis 42 
 
To get some more information about the genes responding to 1 and 6 hours of biaxial cyclic strain we 
did some pathway profiling using Ingenuity Pathways software (Ingenuity® Systems). As input files 
we took our gene lists generated with Expressionist (Genedata) from our Affymetrix data. The 
pathway profiling implied that Erk and NfB pathways are the major pathways involved in activating 
the 1 hour specific stretch response genes (figure 12) and even after 6 hours of strain the NfB 
pathways was one of the major pathways involved in activating the later response genes (figure 13).  
 
 
 
 
 
Figure 12 | Visual display of the relationship of all genes upregulated upon 1 hour of stretching. 
Ingenuity Pathways Analysis networks are displayed graphically as nodes (genes/gene products) and 
edges (the biological relationships between the nodes). The node color represents the fold change (red = 
upregulation). The higher the fold increase, the more intense the color of red. Solid lines denote direct 
interactions, while dotted lines represent indirect interactions between the genes. Pathway profiling 
indicates a central role of NfB and Erk signaling in the early stress response. 
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Figure 13 | Visual display of the relationship of some genes up- or downregulated after 6 hour of 
stretching. The length of an edge reflects the evidence supporting that node-to-node relationship, in that 
edges supported by more articles from the literature are shorter. The blue arrows indicate interaction 
with NfB signaling. Even after 6 hours of stress the NfB pathway is still one of the major pathways 
involved in activation of the stress response. 
 
 
As previously shown cyclic strain activates Rho/ROCK signaling and its activation is crucial for the 
induction of TN-C [30]. Western blot analysis showed that both the Erk and the NfB pathways are 
activated by biaxial cyclic strain aswell. This response is already evident within the first 5 to 10 
minutes of stretching (figure 14A) and can be inhibited by specific inhibitors (data not shown). As 
shown by quantitative real-time PCR (figure 14B) inhibition of Erk (PD98059) and Rho/ROCK (Y27632) 
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signaling did not diminish the induction of those genes previously shown to be induced by stretching 
except for Nr4a1 and Bcar1. In most cases induction was higher in the presence of PD. However, 
inhibition of the NfB pathway by Sulafsalazine blocked the stress response completely. This was 
confirmed by blocking NfB signaling with Bay-11-7082 (data not shown).  
In the previous chapter we described that stretching leads to nuclear rotation. Neither inhibition of 
neither Erk nor NfB signaling had an effect on nuclear rotation indicating that nuclear rotation is 
independent of the activation of these signaling pathways (figure 14C).   
 
 
Figure 14 | Activation of signaling pathways upon stretching. Although Erk and NfkB pathways both 
get activated by stretching as shown by western blot (A) only NfkB seems responsible for the induction 
of the early stress response genes (B). QPCR revelaed, that inhibition of NfkB signaling diminishes the 
early stress response while inhibition of Erk signaling seemed to render cells more responsive to 
stretching. Inhibition of the Rho/ROCK pathway only inhibited some genes. Inhibition of the Erk and 
NfB pathway did not influence nuclear rotation (C).  
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As shown in the previous chapter and figure 15 NfB translocates immediately to the nucleus of 
serum starved NIH 3T3 upon stretching. Already after 15 to 30 minutes it shuttles back to the 
cytoplasm. However, when Erk signaling is inhibited by PD98059, NfB remains longer inside the 
nucleus. The same can be observed in cells lacking functional Sun1 (c.f. previous chapter). Inhibition 
of Erk signaling and disruption of the LINC complex showed an increased response of genes to cyclic 
strain (figure 14B and submitted manuscript). This might be due to prolonged presence of NfB 
inside the nucleus (figure 15). 
Figure 15 | Rapid and transient translocation of NfkB into the nucleus upon stretching. NIH 3T3 
were stretched for the time indicated, fixed, permeablized and stained with NfB antibody. Location of 
NfkB was investigated using a Zeiss Z1 microscope and quantified by counting the number of cells where 
NfB is located in the nucleus, in the cytoplasm or in both. NfB remains longer in the nucleus upon 
inhibition of Erk signaling by PD98059. The same has been observed in the absence of functional Sun1.  
  
Nuclear translocation of NFkB was completely abolished by inhibiting NFkB signalling with 
sulfasalazine (not shown) or by depleting Ca2+ from the culture medium (figure 16a, right panels), 
suggesting an involvement of stretch-activated ion channels in the activation of NFkB. Indeed, we 
observed a rapid increase in intracellular Ca2+ upon stretching as determined by loading the cells with 
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a Ca2+ -indicator (figure 16b). We then tested whether inhibition of NFkB or depletion of calcium also 
inhibited the stretch-induced transcriptional response. We confirmed by qPCR for a selection of the 
stretch-induced transcripts that the induction determined by RNA profiling was reproducibly seen in 
independent experiments and found that for all transcripts tested, omission of Ca2+ or inclusion of 
the NFkB inhibitor sulfasalazine completely blocked their induction by cyclic stretch (figure 16c). 
Figure 16 | Early stretch response depends on calcium influx and subsequent activation of the NfkB 
pathway. Immunostaining of NFkB in NIH3T3 cells before and after 5, 15 and 30 minutes of continuous 
cyclic strain reveals that NFkB translocates into the nucleus already within 5 minutes of continuous 
cyclic strain. The translocation is transient and does not occur in the absence of Calcium in the medium. 
Quantification of the predominant localization of NFkB during 0-60 minutes of continuous cyclic strain 
is shown in the panels below (A). Calcium influx can be observed immediately upon a single stretch of 
NIH3T3 cells as determined by increased fluorescence in cells loaded with the calcium-sensitive dye 
Fluo-3 (B). In the absence of Calcium or in the presence of the NFkB inhibitor sulfasalazine the early 
stress response genes cannot be activated by stretching anymore as shown by quantitative real-time PCR 
of mRNA isolated from NIH3T3 cells after 1hour of continuous cyclic strain (C).  
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III.2.2 Activation of tenascin-C by Egr3 
Tenascin-C (TN-C) has previously been shown to be activated by mechanical stress in a Rho/ROCK 
dependent manner. Blockage of actin polymerization by the Rho/ROCK inhibitor Y27632 prevents 
activation of tenascin-C [30]. Among the genes that respond to 1 hour of cyclic strain is Egr3. As 
tenascin-C possesses a classical Egr-binding site (5'-GCGGGGCG-3') in its promotor sequence we 
decided to investigate the role of Egr3 in the stress induced up-regulation of TN-C. Therefore we 
made promotor studies using the SEAP system that enables measuring alkaline phosphatase secreted 
into the medium upon promotor induction. We used promotor constructs containing either the 
1800bp sequence of the TN-C promotor or a short form of 375bp lacking the Egr-site (see figure 16B). 
We co-expressed these constructs together with full length eGFP-tagged Egr3 (figure 16A) or an N-
terminally truncated inactive version of Egr3 (Egr3s) that is lacking the transactivation domain.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17 | Egr3 activates TN-C in promotor studies. Recombinant Egr3 is expressed in the nucleus of 
transfected cells (A). In promotor studies using secreted alkaline phosphatase (SEAP) and a long and a 
short TN-C promotor construct (B) recombinant Egr3 was capable of activating the long TN-C 
promotor construct (C) whereas truncated Egr3 was not. Only the long TN-C promotor construct could 
be activated, not the short one lacking the Egr binding site.    
EGR3-eGFP 
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We compared the activation of the promotor constructs to the basic activation caused by co-
expressing eGFP and the promotorless basic SEAP vector 24 and 48 hours after transfection (figure 
16C). The long TN-C promotor construct is induced by full length Egr3, but not by eGFP or the 
truncated Egr3. The induction of the promotor construct lacking the Egr motif is much reduced. This 
leads to the conclusion that Egr3 can indeed activate the TN-C promotor. However, these data need 
to be confirmed for endogenous TN-C and during stretching. Therefore, we tried to overexpress Egr3 
and Egr3s using our retroviral expression system and look for an increase of endogenous TN-C 
protein upon Egr3 transduction. Unfortunately there was no consistent difference detectable among 
the three constructs (figure 17A).  
Next we stretched NIH 3T3 transduced with Egr3, Egr3s and eGFP and analyzed changes in the TNC 
mRNA levels after 1 and 6 hours of cyclic strain and compared them to unstretched cells (figure 17B). 
The induction of TN-C transcripts was very low, but slightly increased in the presence of Egr3 after 6 
hours. These experiments are not conclusive and should be repeated with cells that show a better 
response in TN-C induction by mechanical stress. 
 
 
 
 
Figure 18 | Studies with endogenous TN-C activation by Egr3. There is no consistently detectable 
difference in TN-C secretion upon overexpression of either inactive or wild type Egr3 (A). Induction of 
tenascin-C (TN-C) after 1 and 6 hours of cyclic biaxial strain. There is an indication that Egr3 increases 
the stress response of TN-C, but the basic stress response is too weak for the changes to be significant 
(B). 
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III.2.4 Confocal microscopy for detection of changes in nuclear shape and for preparation of FISH 
It has been described that lack of laminA/C and emerin lead to changes in the structure of the 
nuclear lamina [3, 153]. We have also observed changes in the nuclear shape in immunofluorescence 
microscopy of NIH 3T3 and C2C12 cells overexpressing dominant-negative sun or nesprin (figure 
18A). Therefore we decided to have a closer look at the nuclei of NIH 3T3 cells expressing either eGFP 
or dominant-negative sun or nesprin using confocal laser scanning microscopy and subsequent 3D 
modeling of the nucleus (figure 18B).  First we were interested in imaging the nuclear structure. Then 
the plan was to establish fluorescence in situ hybridization (FISH) to investigate changes in chromatin 
structure, chromatin organization and changes in the localization of those genes, up regulated after 1 
hour of biaxial strain as it was proposed that the components of the LINC complex directly link the 
extracellular matrix to the chromosomes [154]. We wanted to analyze whether changes in the stress 
response seen in expression profiling may be linked to changes in chromatin organization or changes 
in gene subnuclear location. 
Unfortunately, we encountered several problems that prevented us from pursuing this question. One 
problem was that the stretching device did not fit underneath the objective of the microscope. Thus 
we were not able to use this method with live cell imaging of stretched cells. The other problem thus 
was that the nuclei were very flat, too flat for detecting significant changes in the Y-axis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19 | Nuclear deformation upon expression of DN nesprin or sun. Images of nuclei of C2C12 
expressing eGFP-tagged dominant-negative sun1 and of NIH 3T3 cells stained with laminA/C antibody. 
C2C12 cells were transduced with eGFP-tagged DN sun1 and differentiated into myotubes for 5 days 
(A). NIH 3T3 were cultured on a glass coverslip fixed and stained with laminA/C. The images were 
acquired at a confocal laser scanning microscope (B).   
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III.2.5 siRNA-knockdown of sun1 and laminA/C 
As previously shown, nuclear rotation in response to biaxial strain depends on the presence of a 
functional LINC complex. To confirm the data obtained by overexpressing dominant-negative 
isoforms of nesprin2 and sun1 we decided to transfect NIH 3T3 cells with siRNA against sun1 and 
laminA/C. LaminA/C was purchased as positive control and was supposed to reduce the levels of an 
additional protein that is part of the LINC complex. Transfection efficiency was nearly 100% as tested 
by using Rhodamine-labeled siRNA oligos and testing expression by fluorescence microscopy (see 
figure 19A). Reduction of the endogenous protein was tested by Western blot (figure 19B).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20 | siRNA experiments for knockdown of sun1 and laminA/C. Transfection efficiency with 
siRNA was almost 100% even at only 1nM final concentration of siRNA in the well (A). Protein levels of 
endogenous sun1 was significantly reduced after 72h of incubation with siRNA. LaminA/C however 
remained present and a higher concentration of laminA/C siRNA was toxic to the cells (B). Even at 1nM 
final siRNA concentration the cells showed large vacuoles and died upon stretching (C).  
A 
 
B 
C 
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Unfortunately the positive control didn't work and the siRNA concentration necessary to reduce 
laminA/C levels was lethal to the cells. Generally the cells were suffering from the siRNA transfection 
even after optimizing the concentrations of siRNA and transfection reagent as well as the incubation 
time after transfection. The cells showed large vacuoles at rest and started detaching and dying as 
soon as they were stretched (figure 19C). 
 
 
III.2.6 Scratch assay: wound healing and nuclear rotation 
As shown by Levy [155] the nucleus of a cell starts rotating during directed cell migration. Wounding 
of a monolayer of cells stimulates an induction of nuclear rotation. This rotation is inhibited in cells 
lacking dynein. As we have observed a similar nuclear rotation in response to stretching and this 
rotation was inhibited in cells lacking functional sun1 or nesprin2 we were interested in testing 
rotation behavior in cell migration after wounding. Therefore we used ibidi culture inserts to obtain 
scratches with smooth edges where we could easily scan the whole rim of the wound and follow 
nuclear movements. We took pictures every 10 minutes for 2 hours at 20 different positions along 
the scratch and looked at the nuclear rotation in NIH 3T3 expressing eGFP, dominant-negative sun1 
or dominant-negative nesprin2 (see figure 20). Most nuclei of cells transduced with eGFP rotated 
more than 10° within the first 50 minutes. Nuclear rotation of cells lacking sun or nesprin was 
reduced but still present (see table 1). Therefore we concluded that functional sun or nesprin are not 
absolutely required for nuclear rotation in directed cell migration and directed cell migration might 
be possible without nuclear rotation.    
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Figure 21 | Wound healing and nuclear rotation. In a wound healing assay nuclei rotated in the 
presence as well as in the absence of a functional LINC complex. 
 
 
table 1 | number of rotating nuclei 
 GFP  Sun  Nes  
 rotation no rotation rotation no rotation rotation no rotation 
50min 44 16 17 15 13 21 
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In addition we also observed that there is no difference in the migratory behavior of cells expressing 
either eGFP or dominant-negative sun or nesprin. Cells do migrate and close the wound at the same 
speed with or without a functional LINC complex (figure 21).  
 
 
 
Figure 22 | Migration behavior after wond healing. In a wound healing assay there was no significant 
differences between cells possessing a functional or a dysfunctional LINC complex. NIH 3T3 transduced 
with eGFP, DN sun1 and DN nesprin2 were plated in ibidi inserts over night. Pictures were acquired 0, 2 
and 6 hours after removal of the inserts and wound closure was monitored by counting how many cells 
cross the lines drawn at the initial edge of the wound. The number of cells crossing these lines of the 
wound do not differ significantly (eGFP: 182; DN Sun: 197; DN Nes: 104). 
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III.2.7 Uniaxial strain 
It has previously been shown that the actin fibers and even the whole cell is reorienting 
perpendicular to the direction of applied uniaxial strain [156-158]. So far we did all experiments with 
biaxial strain where we can detect a thickening of actin fibers and formation of big actin cables as a 
response to stretching but no reorientation of the cells and actin fibers.  
As described in the published results nuclei rotate in response to stretching and this depends on a 
functional LINC complex and actin polymerization. However, a function of the nuclear rotation is still 
unclear. It has no or only a small effect on gene regulation as shown by microarray studies. 
Furthermore it has no influence on cell migration or reorientation of the nuclei in the direction of cell 
migration as shown in scratch assays. 
 
Figure 23 | NIH 3T3 reorientate perpendicular to the direction of strain. Cytoskeletal reorientation 
was observed by phalloidin staining of their actin cytoskeleton. Cells were transduced with eGFP, 
dominant negative nesprin or sun and stretched for 24hours prior to fixation and staining. The observed 
cytoskeletal reorientation is independent from a functional LINC complex. 
 
Therefore, we decided to investigate, whether a missing functional direct link has any influence on 
the reorientation of the stress fibers and the cells in response to uniaxial strain. To investigate this, 
UNPUBLISHED DATA RESULTS 
 
Michaela Brosig | Mechanotransduction in Fibroblasts 
PhD thesis 55 
 
we used the FlexercellTM system we previously used for applying biaxial strain to the cells. We used 
the UniFlexTM plates that are designed especially for the application of uniaxial strain and stretched 
the cells at 1Hz, 15% elongation for 24 hours. Unfortunately the system is not optimal and uniaxial 
strain is only applied to the cells at the edges of the stretch area. However, the area of uniaxial strain 
was wide enough to see a reorientation of all cells perpendicular to the stress axis. This reorientation 
happened in the presence and the absence of a functional LINC complex and therefore reorientation 
of the actin cytoskeleton is independent from sun and nesprin (figure 22). 
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IV. DISCUSSION 
IV.1 OUR AMBITION 
 
Over the past years it has become more and more evident that mechanical stress is an important 
factor that contributes to a broad range of cellular functions, not just in a subset of specialized cells 
and tissues. Response to mechanical stress is needed for cells to adapt to their physical surroundings 
and is important for tissue homeostasis, tissue architecture and muscle regeneration. Cell 
differentiation does not only depend on the expression of certain growth factors but also and the 
mechanical properties of the surrounding microenvironment. Therefore it is necessary that cells can 
sense mechanical cues, transduce them into biochemical signals and respond to them appropriately 
[14].  
Misregulation of mechanical sensing has been shown to be involved in a series of pathologies. 
Changes in the matrix stiffness of the tumor surrounding tissue and thereof resulting changes in the 
forces acting on the cell adhesion molecules lead to altered force transmission to a cell contributing 
to the development of a metastatic phenotype [13]. 
Defective mechanotransduction can be observed in laminopathies, a diverse group of diseases that 
includes Emery-Dreyfuss muscular dystrophy and Hutchinson-Gilford progeria syndrome [1-5]. These 
diseases develop due to mutations in laminA, emerin or nesprin-1. These proteins are part of a 
physical link that spans from the nuclear lamina via the cytoskeleton to the extracellular matrix and 
thus might play a role in a cell’s sensation of and response to mechanical stress. Cells lacking either 
protein display defective nuclear mechanics and mechanotransduction. 
Nuclear lamins, the LINC complex, the actin cytoskeleton and cell adhesion molecules act closely 
together to maintain cell shape and keep the cell in a pre-stressed state. This is required for cells to 
be able to sense mechanical strain. Thus cell-generated forces and forces from a cell's environment 
must act together as a mechanosensor to generate a response. The tensegrity model implies that 
integrins are linked to the nucleus through the cytoskeleton. Thus an applied force is transmitted to 
the DNA through the cytoskeleton by nuclear lamins and nuclear envelope receptor complexes. This 
might then directly modulate gene expression by inducing conformational changes in chromatin 
either by altering the nature of the protein complexes at the telomeres of chromosomes or by 
changing the activity of DNA remodeling enzymes [59, 60, 70, 71]. Thus, a connection between 
components of the LINC complex and changes in chromatin structure in response to mechanical cues 
could dynamically alter gene expression in response to exogenous force [14] [95].  
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In this study we decided to focus on the early mechanoresponse mechanisms activated within the 
first hour of biaxial cyclic strain. Initially we focused on gene expression profiling and the activation 
of signaling pathways and then investigated the role of the LINC complex in response to 
mechanosensation and muscle cell differentiation. 
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IV.2 ACTIVATION OF EARLY STRESS RESPONSE GENES BY BIAXIAL CYCLIC STRAIN 
 
From previous studies we know that tenascin-C (TN-C) is heavily induced after sustained periods of 
mechanical stress. This has been shown in vivo as well as in vitro [18, 138, 150]. It has also been 
shown, that the activation of TN-C depends on actin polymerization as its inhibition by using the 
Rho/ROCK inhibitor Y27632 completely blocked TN-C induction [31].   
For this reason we decided to analyze in detail the immediate response to biaxial cyclic strain in 
fibroblasts that leads to the subsequent activation of TN-C.  
 
Our studies with primary as well as immortalized mouse embryo fibroblasts revealed, that biaxial 
cyclic strain leads to the rapid activation of a very distinct group of genes. This group of genes is 
relatively small. It comprises about 30 genes that are mainly transcription factors. Interestingly, all 
genes involved were upregulated, none repressed. This response was only transient and disappeared 
completely after 6 hours of stress. The later response, after 6 hours of continuous cyclic stretching, 
included many more genes that were up as well as downregulated. Several of them encode for 
extracellular matrix proteins including tenascin-C, fibronectin, matrilin-2, nidogen-1 and -2 and 
laminin.  
 
Consistent with published findings that Erk and NfB pathways are activated by shear stress and in 
stretching experiments with smooth muscle cells [48] we found both pathways also activated in 
fibroblasts already after 5 to 10 minutes of stretching. Whereas inhibition of Erk and Rho/ROCK 
signaling did not block the activation of the early stretch response genes inhibition of NfB signaling 
repressed gene activation. Pathway profiling with the 2 groups of genes, influenced by 1h and 6h of 
stretching, also implicated, that the NfB pathway is the major pathway involved in the activation of 
these genes. 
 
We could show that the activation of NfB signaling is dependent on the influx of calcium since 
extracellular calcium was required. Live-imaging experiments showed an increase in cytoplasmic 
calcium as soon as cells were stretched and at the relaxed state the calcium signal diminished again. 
A lack of calcium in the medium showed the same blocking effect on the early stress response as 
inhibition of NfB signalingby pharmacological inhibitors. Thus, we concluded that stretching opens 
stretch-gated ion channels in the cell membrane. This leads to a rapid influx of extracellular calcium 
into the cell and triggers activation of NfB signaling and subsequent translocation of NfB into the 
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nucleus. Inhibition of Erk had an opposite effect. It rendered cells more responsive to stretching. We 
have preliminary evidence that this is due to a sustained presence of NfB inside the nucleus.  
One of the early stress response genes is Egr3. The Egr-family proteins have already been shown to 
be activated by stretching [151]. Thus our data confirmed previous observations. TN-C which 
possesses an Egr binding site in its promotor region can be activated by overexpression of Egr3 but 
not by expression of an N-terminally truncated dominant negative Egr3. However, we were only able 
to show this activation in promotor reporter studies and not yet for endogenous TN-C. Therfore, the 
role of Egr3 in the activation of TN-C in response to stretching needs further investigation. 
 
Taken together, our results imply that the stress reponse seen upon biaxial cyclic strain is very 
specific as only a relatively small group of genes is affected by it. Stretching triggers influx of 
intracellular calcium and thus activates NfB signaling which is responsible for the activation of the 
early stretch response genes. In addition, how activation of the Erk and Rho/ROCK pathways 
influences the stress response and how and whether all 3 activated pathways interact with each 
other needs to be further investigated. 
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IV.3 THE ROLE OF THE LINC COMPLEX IN STRETCH RESPONSE 
 
In the past couple of years it has become more and more evident that the nucleus is anchored to the 
actin cytoskeleton via the LINC complex proteins sun and nesprin [75]. We have new esperimental 
evidence for this, as we see nuclear rotation as an immediate response to cell stretching. As soon as 
we disrupt this nuclear anchor by overexpression of the dominant-negative isoforms of sun and 
nesprin there is no rotation detectable upon stretching.  
 
The rotation, however, is not a prerequisite for gene activation upon stretching. Cells lacking a 
functional LINC complex still respond to stretch by upregulation of the same set of genes and the 
response is even better. This observation is similar to what we observed after blocking Erk signaling. 
However, inhibition of Erk did not influence nuclear rotation and neither did inhibition of NfB 
signaling which is responsible for the activation of the early stretch response genes. Thus, we 
conclude that nuclear rotation is a conspicuous change of the intracellular architecture caused by 
stretching of the cytoskeleton but it does not influence the early stretch response on a gene 
regulatory level. However, we observed some connection between the LINC complex and the 
activation of NfB. As mentioned before, NfB transiently translocates into the nucleus upon cell 
stretching. In the absence of functional sun1 NfB remains inside the nucleus for a longer period of 
time. This is the same effect as we have seen when we inhibit Erk signaling. As inhibition of Erk and 
overexpression of dominant-negative sun also show a tendency towards a higher induction of stretch 
genes, we postulate that there may be a connection between the LINC complex and the activation of 
Erk signaling but further details need to be investigated.  
  
Nuclear rotation has been described in cells migrating into the wound after an in vitro scratch assay 
[155]. We could confirm this but it does not seem to require a functional LINC complex for it. Cells 
overexpressing dominant-negative sun or nesprin show only slight differences in nuclear rotation 
compared to cells only expressing eGFP. Moreover, disruption of the LINC complex neither had an 
influence on migration speed nor on the reorientation of the actin cytoskeleton as it can be seen in 
response to uniaxial strain. Hence we can only speculate about other possible consequences of the 
observed rotation. We hypothesize that it might influence cellular polarization. This, however, 
requires further experiments. 
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VI.4 EFFECTS OF THE LINC COMPLEX ON MUSCLE CELL DIFFERENTIATION 
 
A special interest in the components of the LINC complex arises through its involvement in the 
development of laminopathies such as Emery-Dreifuss muscular dystrophy (EDMD). Therefore, we 
decided to extend our studies to C2C12 myogenic progenitor cells. C2C12 cells can differentiate in 
vitro into myotubes within a period of 5 days when cultured in differentiation medium. After 
transduction with dominant-negative sun1 or nesprin1 cells did not show any detectable difference 
in their differentiation behavior. The number and size of myotubes did not vary between the 
conditions and the differentiation marker creatine kinase was equally increased in wildtype cells and 
those lacking sun or nesprin. However, when we applied cyclic biaxial strain we observed that C2C12 
cells did not differentiate into myotubes anymore. This is consistent with data from Akimoto, Kook 
and Kumar [6-8]. When we applied strain to C2C12 cells lacking functional sun or nesprin this arrest 
in differentiation was not observed anymore. Myotubes were indistinguishable from those formed in 
the absence of strain. QPCR for the differentiation marker MHC confirmed our findings. Thus we 
propose that the components of the LINC complex are essential for the sensation of mechanical 
stress and the coordination of the muscle cell differentiation in response to it. Whether these cell 
culture findings have implications for the in vivo situation or not remains to be established. The 
results are consistent with reduced muscle precursor or satellite cell proliferation in the presence of 
mutations in nuclear lamina proteins and concomitant defects in muscle development and 
regulation. Certain findings in emerin-null mice support our hypothesis [159, 160].  These mice 
exhibit a mild dystrophic or cardiomyopathic phenotype and delayed muscle regeneration after 
myotrauma. Thus, these mice exhibit subtle phenotypes consistent with EDMD.  
 
Kook et al. [7] showed that cyclic stretch induces proliferation of C2C12 myoblasts and inhibits their 
differentiation. p38 kinase is closely involved in this stretch-mediated inhibition of myogenesis due to 
prolonged activation of p38 and suppression of ERK phosphorylation. In accordance with those 
results we also found p38 and NfB signaling to be involved in the myoblast to myotube 
differentiation. This again marks the central role of NfB signaling in mechanotransduction.    
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IV.4 PERSPECTIVES 
 
In recent years, cell biologists realized that the ability to sense mechanical cues is an important 
feature of all cells in order to adjust their function, differentiation and behavior  and changes in 
mechanotransduction contribute to a variety of diseases that are not obviously linked to 
mechanosensation.  
 
Our studies have shown a central role for the NfB signaling pathway upon stretching of cells. 
Activation of NfB is one of the first responses a cell shows upon a change in mechanical stress and 
this is crucial for the subsequent activation of the early stretch response genes. How NfB signaling 
crosstalks with Erk and Rho/ROCK activation upon stretching and how it interacts with the 
components of the LINC complex are not yet known. These are questions that need to be addressed 
in the future.  
 
It is known that TN-C is activated by many factors and that its activation upon cyclic strain depends 
on Rho/ROCK signaling and a prestressed cytoskeleton [18, 138, 150]. We now have some indications 
that Egr3 which is induced by strain can activate TN-C. These data are preliminary and are based on 
promotor studies. Thus, this mechanism needs to be investigated more closely in the context of 
activation of endogenous TN-C upon stretching. Further experiments could also include fibroblasts 
derived from Egr3 deficient mice. Mice lacking Egr3 show severe ataxia that can partly be 
compensated by physical exercise [161-163]. Tissue sections from muscle and myotendenous 
junctions from Egr3 knock-out mice might also give some interesting hints about a functional 
interaction between TN-C and Egr3, maybe revealing differences in TN-C expression in the presence 
or absence of Egr3. 
 
The nucleus is often proposed as a mechanosensor that functions by altering chromatin accessibility 
in response to deformations, but direct evidence is still missing [59, 60, 70, 71]. We envisaged to set 
up FISH experiments to further address the question whether mechanical stress changes chromatin 
and gene localizations and whether this is dependent on the LINC complex. Due to technical 
difficulties and because we did not see an inhibition of the stretch response in the absence of a 
functional LINC complex we did not persue this any further. Nevertheless, it would definitely be 
worth doing so.  
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Here we have presented data giving us more insight into the LINC complex and its role in mediating 
muscle cell differentiation. We have experimental evidence that sun and nesprins are needed to 
sense mechanical stress in myogenic progenitor cells and that growth is induced and differentiation 
is blocked by mechanical stress only in the presence of a functional link between the nucleus and the 
actin cytoskeleton. Whether this has any importance in vivo and whether this is connected to the 
severe muscle wasting seen in Emery-Dreifuss patients remains unknown and needs to be addressed 
in the future. Our in vitro studies are supported by the fact that recently patients have been 
identified with mutations in nesprin-1 and -2 who suffer from Emery-Dreifuss muscular dystrophy 
and mice lacking nesprin-1 show an EDMD-like phenotype [123, 124]. 
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V. APPENDIX 
V.1 EXPERIMENTAL PROCEDURES (UNPUBLISHED DATA) 
 
Semiquantitative PCR 
RNA was isolated according to the protocol using QiaShredder (Qiagen) and the RNeasy kit (Qiagen). 
RNA was eluted with 30µl H2O per column for PCR or 10µl H2O per column for microarray analysis. 
Reverse transcription of the isolated RNA was performed with the ThermoScriptTM RT-PCR System 
(Invitrogen) according to the manufacturer's protocol using 1µg RNA in a 20µl setup with Oligo dT 
primers. The generated cDNA was then used for semi-quantitative PCR using 1µl TaqPolymerase 
(Roche), 5µl polymerase buffer, 1µl 10mM dNTP Mix (Eppendorf), 1µg cDNA, 0.2mM forward and 
reverse primer ( primer sequences see table 2) per 50µl reaction.  
 
table 2 | primer sequences used for semi-quantitative PCR 
gene sense primer antisense primer 
GAPDH sense 5'-ATGACATCAAGAAGGTGGTG-3' 5'-CATACCAGGAAATGAGCTTG-3' 
JunB sense 5'-GATCGCTCGGCTAGAGGAA-3' 5'-CTTAAGCTGTGCCACCTGTTC-3' 
cFos sense 5'-GATGTTCTCGGGTTTCAACG-3' 5'-GTCTCCGCTTGGAGTGTATC-3' 
FosB sense 5'-TGGGCCGGTCTCGGGGAAATG-3' 5'-CCCTCTTGGTAGGGGATCTT-3' 
delta-FosB antisense see FosB sense 5'-GGACTTGAACTTCAATCGGCCA-3' 
 
 
RNA isolation, transcript profiling, RT and QPCR 
RNA was isolated using QiaShredder (Qiagen) and the RNeasy kit (Qiagen) according to the 
manufacturer’s protocol. RNA was eluted with 30µl H2O per column for RT and QPCR or 10µl H2O per 
column for Microarray analyses. RNA was converted into labelled cRNA and hybridized to Affymetrix 
mouse 430v2 oligonucleotide arrays and the data analyzed. For quantitative PCR, reverse 
transcription of the isolated RNA was performed with the ThermoScripttm RT-PCR System (Invitrogen) 
according to the supplied protocol using 1µg RNA in a 20µl setup with oligo dT primers. The 
generated cDNA was then used for quantitative real-time PCR using Platinum® SYBR® Green qPCR 
SuperMix-UDG with ROX (Invitrogen) on an Abi7000 (Applied Biosystems). The primers used for qPCR 
are listed in Table 2. Values were normalized to GAPDH and fold changes calculated using the 
efficiency ΔΔct method[164]. 
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table 3 | primer sequences used for semi-quantitative PCR 
gene sense primer antisense primer 
GAPDH sense 5'-ATGACATCAAGAAGGTGGTG-3' 5'-CATACCAGGAAATGAGCTTG-3' 
JunB sense 5'-GATCGCTCGGCTAGAGGAA-3' 5'-CTTAAGCTGTGCCACCTGTTC-3' 
cFos sense 5'-GATGTTCTCGGGTTTCAACG-3' 5'-GTCTCCGCTTGGAGTGTATC-3' 
FosB sense 5'-TGGGCCGGTCTCGGGGAAATG-3' 5'-CCCTCTTGGTAGGGGATCTT-3' 
delta-FosB antisense see FosB sense 5'-GGACTTGAACTTCAATCGGCCA-3' 
 
 
Cellular fractionation 
1x105 NIH 3T3 cells were plated on fibronectin covered UniFlexTM plates (Dunn Labortechnik) and 
starved overnight. Cells were stretched for 0-60 minutes and samples of the cytoplasmic and nuclear 
fraction were prepared using CelLyticTM NuCLEARTM Extraction Kit (Sigma) according to the 
manufacturer's protocol. 20µl of the samples were mixed with 7µl sample buffer containing -
mercaptoethanol, cooked at 95°C for 5 minutes and loaded on a 10% SDS gel for western blot 
analysis. Proteins were resolved by SDS-Page and transferred to Immobilon-P membranes. Proteins 
of interest were visualized using specific antibodies (NfB p65 (#4764, Cell Signaling), p-NfB p65 
(#3036,Cell Signaling), IB- (#9242, Cell Signaling), p-IB- (#2859, Cell Signaling), p44/42 MAP 
kinase (#9102, Cell Signaling), p-p44/42 Map Kinase (#9101, Cell Signaling), LaminA/C (#2032, Cell 
Signaling), GAPDH (ab9485, Abcam)) and super signal (Pierce) chemiluminescence reagents according 
to the manufacturer's recommendations. 
 
 
siRNA transfection 
Lyophylized siRNA oligos were obtained from Qiagen (see table 3 for details) and solubilized 
according to the manufacturer's instructions to obtain a 20µM stock soluition. 1x105 NIH 3T3 were 
seeded over night in OptiMEM (Invitrogen) + 5% BS in 6-well plates. For transfection the siRNA stock 
solution was diluted in 100µl serum free OptiMEM to obtain a final siRNA concentration of 1nM in 
the well (final volume 2.1ml). 12µl HiPerFect (Qiagen) were added to the diluted siRNA, vortexed and 
incubated for 5-10minutes at room temperature. The mix was added dropwise to the cells and the 
cells were incubated with the siRNA for 24, 48 and 72 hours. Transfection efficiency was tested by 
immunofluorescence as the  siRNA oligos were labeled with rhodamine. The efficiency of the siRNA 
knockdown was tested on the protein level using western blot with specific antibodies against Sun1 
(thanks to Sue Shackelton) and LaminA/C (#2032, Cell Signaling Technology).  
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table 4 | sequences of used siRNA oligos  
siRNA sequence Catalog no. 
Mm_Unc84a_1 GACCTTAAAGGTGGAAATAAA SI01462363 
Mm_Unc84a_2 AAGTCGAGGTTTCCTATATTA SI01462370 
Mm_Unc84a_3 TGGAGATATTTCAAATATTA SI01462377 
Mm_Lmna_5 validated-not disclosed SI0265550 
AllStars Neg. siRNA Rhodamine N/A 1027283 
 
 
Confocal laser scanning microscopy 
NIH 3T3 cells previously transduced with retrovirus containing either eGFP or the dominant-negative 
constructs of Sun1 and Nesprin1 were plated on glass cover slips in DMEM + 5% BS to 70% 
confluency. After an over-night incubation the cells were fixed in 4% paraformaldehyde (PFA) for 15 
minutes, washed twice with PBS, permeabilized with 0.1% Triton-X-100 in PBS for 5 minutes and 
washed again 3 times with PBS. After a 1 hour incubation with the primary antibody against 
LaminA/C (#2032, Cell Signaling Technology), cells were washed 3 times with PBS and then incubated 
with the secondary antibody (anti-mouse Alexa 568, Invitrogen) for 1 hour and then washed again 3 
times with PBS. All steps of fixation and staining were carried out at room temperature. The cover 
slips were mounted with Prolong Antifade Gold (Invitrogen) and analysed at the confocal laser 
scanning microscope LSM510 Meta (Zeiss).  
 
 
Cloning of Egr3 
Egr3 was amplified from cDNA obtained from NIH 3T3 cells using PfuTurbo (Stratagene) using nested 
PCR and a second specific PCR with the primers listed in table 4. An eGFP derived by PCR from pEGF-
1 (Invitrogen) was cloned into the first multiple cloning site of the pQCXIX vector (Clontech) using 
NotI and PacI. The PCR product of Egr3 was digested and cloned into the vector using PacI and EcoRI 
(see figure 23). 
 
table 5 | sequences for cloning Egr3 into pQCXIX 
gene sense primer antisense primer 
Egr3 
nested 
5'-AGAGGATTACCCTCTTTGCC-3' 5'-TCCTAACTGAACAAAGCGGG-3' 
Egr3  5'-GCGCTTAATTAAAATGACCGGCAAACTCGCCGAGAA-3' 5'- GCTTGAATTCACCTTTCCGCCCCCACGCCTT-3' 
Egr3 DN see Egr3 sense 5'-GCCTGAATTCTCACTTGCGCTCGTCGCTGCGCGCA-3' 
eGFP 5'-CGTTGCGGCCGCAAATGGTGAGCAA-3' 5'-CGGCGTTAATTAACTTGTACAGCTCGTCCATGCCGA-3' 
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Figure 24 | Vector map of pQCXIX including eGFP-tagged Egr3. 
 
 
Chemiluminescent SEAP assay 
NIH 3T3 cells were cultured in 6-well plates overnight in DMEM +5% BS to 50% confluency. Then they 
were co-transfected with the Egr constructs and the promoter constructs (1µg DNA each) as 
indicated in the experiment in DMEM +0.3% BS and incubated for 72 hours. 300µl of the conditioned 
medium were collected at transfection and 24, 48 and 72 hours after the transfection. The medium 
was kept at -70°C prior to measuring SEAP activity (Clontech) which was carried out according to the 
manufacturer's protocol. 
 
Scratch assay 
1x105 NIH 3T3 cells per ml were plated in each well of a culture insert (ibidi, see Figure 24) and 
incubated overnight. The insert was removed and cells monitored at an Axiovert200 (Zeiss) equipped 
for live-cell imaging. Pictures of the nuclei were acquired in Z-stacks along the scratch every 10 
minutes for 2h. Nuclear rotation was evaluated according to the position of the nucleoli. For the 
wound healing assay the inserts were removed and pictures were acquired along the whole scratch 
at 0, 2 and 6 hours after removal.  
pQCeGFPEgr3IX vector
10425 bp
5' LTR (CMV/MSV)
Multiple Cloning Site II
extended packaging signal
SV40 ori
Col E1 ori
Amp resistance gene
3' LTR
immediate early CMV promoter
SV40 promoter
eGFP
Egr3
IRES
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Figure 25 | ibidi culture inserts for scratch assay experiments. 
 
 
Uniaxial strain 
Strain was applied to the cells using the FX-4000TTM Flexercell® Tension PlusTM System (Dunn 
Labortechnik GmbH, see (Figure 25) 1x105 NIH 3T3 cells were plated in DMEM with 5% bovine serum 
on UniFlexTM culture plates previously coated for 1h with 100µg/ml fibronectin purified from horse 
serum. After 4 hours the medium was replaced with DMEM + 0.3% serum and cells were starved 
over night. Cells were stretched to 15% elongation at 1Hz for 24h.  
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Figure 26 | Scheme of the Flexercell system used for stretching the cells.  NIH 3T3 were plated on 
flexible silicon bottom six-well-plates and then stretched to 15% elongation at 1Hz using the Flexercell 
system (Dunn Labortechnik). 
 
 
Calcium Imaging 
For calcium-imaging lyophilized Fluo-3 (Molecular Probes) was solubilised in DMSO + 20% Pluronic 
F127 (Sigma Aldrich) to obtain a 1mM stock solution. This stock was diluted 1:1000 in microscopy 
medium (DMEM w/o Phenolred + 30mM HEPES + 5% BS) and added to NIH 3T3 that were grown to 
70% confluency over night in DMEM + 5% BS. Cells were incubated for 30 minutes at 25°C then 
washed twice with microscopy medium and incubated in that medium for 1h at 37°C. Calcium influx 
was monitored by acquiring pictures at the relaxed and the stretched state with the same 
illumination settings. 
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V.2.MICROARRAY DATA 
 
 table 6 | genes upregulated after 6 hours of cyclic strain  
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table 7| genes downregulated after 6 hours of cyclic strain 
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V.3 LIST OF ABBREVIATIONS 
 
abbreviation full name  abbreveation full name 
     
BMD 
BS 
Becker muscular dystrophy 
bovine calf serum 
 MMP matrix metallo proteinase 
cDNA coding desoxyribonucleic 
acid 
 MRI magnetic resonance imaging 
DCM dilated cardiomyopathy  NfB nuclear factor kappa B 
DM differentiation medium    
DMD 
 
DMEM 
Duchenne muscular 
dystrophy 
dublecco's modified eagle 
medium 
 siRNA small interfering RNA 
DN dominant-negative  ROS reactive oxygen species 
DNA desoxyribonucleic acid  TBS tris-buffered saline 
dNTP Deoxynucleotide 
Triphosphate 
 PAGE polyacrylamide gel 
electrophoresis 
ECM extracellular matrix  OptiMEM optimized modified eagle 
medium 
EDMD Emery-Dreifuss muscular 
dystrophy 
 ONM outer nuclear membrane 
ER endoplasmic reticulum  Pa Pascal 
ERK extracellular signal-related 
kinase 
 PBS phosphate-buffered saline 
FAK focal adhesion kinase  PCR polymerase chain reaction 
FCS fetal calf serum  PD 
PNS 
PD98059 
perinuclear space 
FISH fluorescent in-situ 
hybridization 
 QPCR quantitative real-time PCR 
RNA ribonucleic acid 
FN fibronectin    
GFP green fluorescent protein  ROCK Rho activated kinase  
HGPS Hutchinson-Gilford progeria 
syndrome 
 SDS sodium dodecyl sulfate 
HS horse serum  SEAP secreted alkaline phosphatase 
Hz Hertz  SRF serum response factor 
ILK integrin linked kinase  TBS-T factor tris-buffered saline 
with Tween 
INM inner nuclear membrane  TCF  ternary complex  
KASH Klarsicht homology  TGF transforming growth factor 
beta 
kDa kilo-Dalton  TNF tumor necrosis factor alpha 
LMNA lamin A gene  TN-C tenascin C 
MAL megakaryoblastic leukemia  TN-R tenascin R 
MAPK mitogen activated protein 
kinase 
 TN-W tenascin W 
MEF mouse embryo fibroblast  TN-X tenascin X 
mRNA messenger RNA  Y Y27632 
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